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ABSTRACT
Characterization of Slip Activity in the Presence of Slip Bands Using
Surface-Based Microscopy Techniques

Ryan Aaron Sperry
Department of Mechanical Engineering, BYU
Master of Science
Further understanding of mesoscale slip mechanics is crucial to future development of
polycrystalline metals with improved performance. The research contained within this thesis
aims to characterize localized mesoscale slip on slip bands further through two studies. First, a
comprehensive comparison of slip system identification techniques was carried out to further
validate each method as well as compare and contrast advantages and disadvantages of each.
Second, slip bands in the presence of grain boundaries were studied to better characterize the
dislocation content and behavior.
In the first study, the use of SEM-DIC, AFM, ECCI, and HR-EBSD to characterize slipsystem activity was assessed on the same material volume of Ti-7Al. This study presents a robust
comparison of the various methods for the first time, including an assessment of their advantages
and disadvantages, and how they can be used effectively in a complementary manner. The
analysis of the different approaches was carried out in a blind manner independently at three
different universities. A Ti-7Al specimen was deformed in uniaxial tension to approximately 3%
axial strain, and the active slip systems were independently identified using (i) trace analysis; (ii)
in-SEM digital image correlation, (iii) observations of residual dislocations from ECCI, and (iv)
long-range rotation gradients through HR-EBSD, with consistent trace identification in all cases.
Displacement data from AFM was used to augment the SEM-DIC displacement data by
providing complementary out of plane displacement information. Furthermore, short-range
dislocation gradients (measured by DIC) provided insight into the residual geometrically
necessary dislocation (GND) content, and was consistent with the GND content extracted from
EBSD data and ECCI images, confirming the presence of residual GNDs on the dominant slip
systems resulting in visible slip bands. These approaches can be used in tandem to provide multimodal information on slip band identification, strain and orientation gradients, out-of-plane
displacements, and the presence of GNDs and SSDs, all of which can be used to inform and
validate the development of dislocation-based crystal plasticity and strain gradient models.
In the second study, shear strain profiles along slip bands in a modified Rolls-Royce
nickel superalloy (RR1000) were analyzed for a tensile sample deformed by 2%. The strain
increased with distance away from a grain boundary (GB), with maximum shear strain towards
the center of the grain, indicating that dislocation nucleation generally occurred in the grain
interior. The strain gradients in the neighborhood of the GBs were quantified and generally
correlated with rotation about the active slip system line direction. This leads to an ability to

determine the active slip system in these regions. The dislocation spacing and pileup stresses
were inferred. The dislocation spacing closely follows an Eshelby analytical solution for a single
ended pileup of dislocations under an applied stress. The distribution of pileup stress values for
GBs of a given misorientation angle follows a log-normal distribution, with no correlation
between the pileup stress and the GB misorientation angle. Furthermore, there is no observed
correlation between various transmissivity factors and slip band pileup stress. Hence it appears
that the obstacle strength of any of the observed GBs is adequate to facilitate the dislocation
pileups present in the slip bands. However, slip band transmission does correlate with
transmissivity factors, with the current study focusing on the Luster and Morris m’-factor.
Observation of strain profiles of transmitted bands indicate dislocation nucleation locations.
Keywords: electron backscatter diffraction, electron microscopy, dislocation theory, crystal
plasticity, digital image correlation, electron channeling condition imaging
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1

INTRODUCTION

With an ever-growing demand for increasingly reliable materials to fit more extreme and
specific engineering applications, the need for improved material predictability for existing and
new materials is becoming ever more important. This predictability can be achieved through
models that capture and recreate material behaviors. One of those behaviors is the plastic
deformation response of materials that has been somewhat captured in crystal plasticity models.
Crystal plasticity models have been developed largely from a phenomenological
perspective, rather than a rigorous understanding of the underlying physical mechanics [1].
While this method has been effective for certain cases, the models often break down outside
those cases. For example, the Hall-Petch effect is a constitutive model that predicts the effects of
grain boundaries (GBs) on dislocation movement on plasticity [2,3], but this model breaks down
for cases outside of its scope, such as nanocrystalline conditions [4,5]. Additionally, the
Ramberg-Osgood relationship used to predict stress strain interactions has been developed by
using constants to fit a curve to the data [6]. To improve these models, the mesoscale mechanics
of crystal plasticity needs to be incorporated into these models. However, better observations of
the mesoscale mechanics must be expanded in order to incorporate physical mechanics into the
models.
In this thesis, two studies are discussed to further research in the area of understanding
mesoscale crystal plasticity which focus on:
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1. A comprehensive comparison of the methods used to identify the active slip system in
titanium alloy
2. Characterization of slip bands near grain boundaries in nickel alloy
Paramount to understanding crystal plasticity is the ability to identify the slip system(s)
that activates during deformation. Large amounts of resources have been dedicated to developing
these abilities. Some of the most basic methods include, but are not limited to, Schmid factor and
slip trace analysis [7–11]. These methods involve using the orientation of the crystal lattice as
identified by electron backscatter diffraction (EBSD) data relative to visible slip bands and
applied forces to estimate the activated slip system(s) by comparison with the critically resolved
shear stress. More advanced techniques use methods such as a relative displacement ratio (RDR)
from digital image correlation (DIC) data as used by Chen and Daly [12], electron channeling
contrast imaging (ECCI) channeling parameters like those used by Han et al. [13], including
another method developed in this work using lattice strain gradients found in EBSD data. Further
work was done in the first study to compare these methods.
The second study focuses on dislocation grain boundary interactions as this interface is
understood to be a key factor of grain boundary strengthening [14]. Using some of the slip
system identification methods discussed in the first study, the nature of the dislocations could be
characterized. That information, in tandem with strain profiles from DIC data led to insight on
correlations between transmission factors and transmission of dislocations, primary dislocation
source locations among other things. Additionally, more information on the grain boundary
obstacle stress can be found as it has been a particularly interesting topic of research in
dislocation grain boundary interactions and strain hardening [15–17]. These two studies and a
conclusion are included in chapters 2-4 of this thesis.

2

2

COMPARISON OF EBSD, DIC, AFM, AND ECCI FOR ACTIVE SLIP SYSTEM
IDENTIFICATION IN DEFORMED TI-7AL

2.1

Introduction
Understanding the deformation of structural alloys relies heavily on a knowledge of

dislocation slip mechanisms. The contributions of dislocation activity to deformation can be
studied by direct observations of dislocation evolution, and/or by monitoring plastic strain that
results from this evolution. Many techniques exist for the characterization of dislocations and
related strain. Techniques that can simultaneously provide complementary information
concerning the deformation processes are particularly insightful, potentially delivering multiple
viewpoints of the same sequence of events, and thereby uncovering new levels of understanding.
This paper analyzes deformation behavior in a Ti-7Al alloy by simultaneously applying several
traditional and recently developed surface-based meso-scale characterization techniques. The
information regarding specific slip-system activity that is extracted by each technique is
contrasted and compared.
Slip-trace analysis has been used since the advent of automated electron backscatter
diffraction (EBSD). An observed line of slip on the sample surface can be compared with
potential slip-plane traces associated with the measured crystal orientation, resulting in the
identification of the most-likely active slip plane(s). In-SEM digital image correlation (SEM-
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DIC) performed with EBSD can substantially enhance slip-trace analysis. For example, the
relative displacement ratio (RDR) of Chen and Daly provides high-accuracy analysis of the
active slip systems and the resolved slip on those systems [12]. Similarly, surface topography
measurements using an atomic force microscope (AFM) can provide out-of-plane displacements
to complement in-plane measurements, and help determine the resolved shear on specific slip
systems [18].
Characterization of dislocation content that evolves during the deformation provides
another critical view of slip-system activity. Dislocation structures have historically been
characterized by techniques including etch pit observations, x-ray tomography, and transmission
electron microscopy (TEM) (for a review see Hull and Bacon [19]). At the relevant meso-scale,
electron channeling contrast imaging (ECCI) has emerged as a powerful tool for the direct
observation of individual dislocations in the near surface (~100nm) regions of bulk polycrystals.
Using the equivalent of traditional TEM diffraction contrast analysis approaches, ECCI can be
used to identify the Burgers vectors of dislocations [20], and when combined with plane trace
analysis, can be used to identify the active slip planes of the dislocations [13]. However, ECCI is
generally limited to relatively low dislocation densities produced at low plastic strains [21].
At larger deformations, high-resolution EBSD (HR-EBSD) provides a tool to determine
geometrically necessary dislocation (GND) density based on the local crystal elastic strains
(predominantly the rotation component) that result from the accumulated dislocations [22–25].
When long range strain gradients exist in the material, for example along slip bands, it has been
shown that the active slip systems can be identified from the GND-induced rotation gradients
[26]. While HR-EBSD is generally more suitable for studying higher dislocation densities than
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ECCI, recently the dislocation structures developed around nanoindentations have been
compared using both techniques, and the results shown to be consistent [27].
Each of these techniques provides invaluable and complementary information regarding
the deformation processes, and each can be used to infer the locally active slip systems.
Furthermore, the techniques can be performed ‘simultaneously,’ in the sense that a sequence can
be designed to gather each information type at a given strain step of a deformation process.
However, to date there have been no studies carrying out a comprehensive evaluation of the
information gained from each method, in relation to the other approaches. The objective of this
study is to assess the relative abilities of SEM-DIC, AFM, ECCI, and HR-EBSD to characterize
slip-system activity from the same material volume of a Ti-7Al sample. The analysis of the
different approaches was carried out in a blind manner independently at three different
universities. This study presents a robust comparison of the various techniques, including an
assessment of the advantages and disadvantages of each of the techniques and how they can be
used effectively in a complementary manner.

2.2

Experimental Procedures
The Ti-7Al alloy was forged and annealed at 945 °C for 1 hour, followed by water

quenching. Dogbone-shaped samples with gauge dimensions 2 wide x 0.8 thick x 10 mm long
were wire electro-discharge machined with the tensile direction along the forging direction. The
sample was polished following a sequence of 600, 800, and 1200 grit SiC paper, 3 μm and 1 μm
diamond paste, and a mixture of colloidal silica and 30% hydrogen peroxide with a 4:1 volume
ratio. The mechanically finished sample was then electropolished under 38 V applied voltage, 35 °C, and with stirring speed of 200 rpm in an electrolyte that contained 30 ml perchloric acid,
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200 ml butanol, and 300ml methanol. The electropolishing time was around 2.5 minutes with the
electropolishing rate of approximately 2 μm/min [13]. Before deformation, a rough EBSD scan

Figure 2-1. (left) EBSD crystal orientation map (IPF) from the
region marked in red on the Ti-7Al sample (top), before
deformation; the confidence index (CI) ranged from 0.75-0.88.
(right) The sample is slightly [0001] textured, as indicated by
the pole figure and inverse pole figure. The dashed region of
the IPF map (left) was patterned for DIC.
was taken on the center region of the electropolished sample (Figure 2-1) using 30 kV
accelerating voltage, a 148 µA probe emission current, a 20.0 nm spot size, a 20 mm working
distance, and a step size of 5 μm with the sample tilted to 70o, using a Tescan Mira III FEG-SEM
equipped with an EDAX-TSL orientation imaging system. The sample was slightly textured
close to [0001], but the texture did not play a significant role in the results of this study.

6

To facilitate plastic deformation, in-situ tensile testing was performed using a Kammrath
& Weiss tensile/compression module inside a FEI Teneo SEM. Displacement-controlled loading
was applied at a rate of 1 μm/second, to a maximum uniaxial strain of 0.034, and then unloaded
to zero load. The loading was paused at six strain levels, indicated on the stress-strain curve and
in the table of Figure 2-2, to capture SEM images of the sample. An automated system [28] was
used to capture a total of 8 × 8 = 64 tiles of images to interrogate a sample area of 400 μm × 400
μm. Each image had a field of view of 60 μm × 60 μm and a 4096 × 4096 pixel resolution.

Figure 2-2. Engineering stress-strain plot for the Ti-7Al sample. The red dots
indicate the stress and strain levels at which loading was paused for SEM imaging.
In preparation for DIC data collection, the sample was patterned prior to testing with gold
nanoparticles (AuNPs) following the method outlined in [29] and briefly described below:
AuNPs with diameters of ~60 nm were fabricated using the method introduced by Frens [30].
The sample was first soaked in a solution of 2.5 vol% (3-Aminopropyl) trimethoxysilane
(APTMS), 47.5 vol% ethanol, and 50 vol% of DI water for 20 min, followed by a quick rinse
with DI water. This functionalized the sample surface with the aminosilane molecules by
creating Si-O-Metal covalent bonds. The sample was then soaked in the AuNPs suspension for
~18 hours, followed by a quick rinse with DI water, after which the AuNPs were attached to the
sample surface to create random speckle patterns used for DIC data collection. Digital image
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correlation (DIC) was performed on each image tile using the commercial software Vic2D 6
(Correlated Solutions, Inc., Irmo, SC) to calculate the displacement and Lagrangian strain fields,
using a subset size of 25 × 25 pixels and a step size of 2 pixels. Figure 2-3 presents the axial
strain map of the sample at a globally-applied axial strain of 0.028.

Figure 2-3. Axial strain map of the sample at a global strain of 0.028.
Following mechanical testing and imaging for SEM-DIC, the coating was removed in
order to extract HR-EBSD, AFM, and ECCI data from the deformed sample for the other
deformation assessment techniques. To achieve this, a chemical method was developed in the
current study to selectively break the Si-O bonds and remove the AuNPs from the sample
surface. The Si-O-Ti chemical bonds between the surface and the polymer chain were fully
broken after four hours at 30oC in a chemical solution containing tetra-n-butylammonium
fluoride (TBAF) [31], chloroform, and ethylene glycol with 10: 1: 1 ratio by weight. During the
4-hour process, the sample was removed from the solution every hour and cleaned with soap
water under sonication (20-40 kHz) for 5-10 minutes to remove the particles that were physically
attached to the metal surface. Final cleaning was accomplished by soap-water washing, ethanolwater-ethanol flashing, and air drying. The success of the uncoating progress was verified using
SEM in secondary electron mode (SE), backscattered electron mode (BSE), and electron
8

channeling mode using the same MIRA III, as shown in Figure 2-4. The microscope parameters
were similar to those used for EBSD, but the working distance was around 8-9 mm and the
sample was not tilted.

(a)

(b)

(c)

(d)

(e)

(f)
Figure 2-4. (a and b) Overall surface condition of the sample coated with Au NPs.
Note the electron channeling patterns (inset of b) are blurry due to the nanoparticle
coating. (c) Surface condition after 1 h of the uncoating procedure. (d) Higher
magnification of the red area in image (c). Note the selected area channeling
pattern is now much sharper, with slip traces evident, but some clusters of AuNPs
still remain on the surface. (e) The AuNPs are completely removed after 4 h, as
shown in detail in (f), which shows the red area in (e) at higher magnification.
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The slip traces that developed during deformation were clearly visible in SE mode after
the removal of the Au NP coating. The crystal orientation information of the patterned area was
again collected by EBSD using a step size of 1 μm, with all other parameters the same as in the
previous scans, as shown in Figure 2-5. High resolution EBSD scans of areas of interest were
also taken using the same parameters, with a step size of 200 nm. Each high-resolution pattern
was saved for subsequent cross-correlation and GND analysis; patterns were collected using an
exposure time of 0.1 s with 480 x 480-pixel resolution.

(a)

(b)

Figure 2-5. (a) Slip traces developed during plastic deformation were clearly
observed in SE mode. (b) EBSD inverse pole figure maps showing the orientations
of the various grains. In some regions, local dislocation accumulations result in
local orientation variations. Grains 1 and 2 were the focus of the majority of this
manuscript.
ECCI was carried out using the same Tescan Mira III SEM. Based on the EBSD
determined orientations of the grains of interest, appropriate stage tilts and rotations to orient the
crystal near specific electron channeling conditions were determined using the Tools for
Orientation Determination and Crystallographic Analysis TOCA Software [32]. Specific imaging
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conditions (g) were set up using selected area channeling pattern (SACP) mode available on this
microscope.
Finally, the surface topography developed during plastic deformation was measured by
atomic force microscopy (AFM) using a VEECO Dimension 3100 AFM operating in tapping
mode at a speed of 10 µm/min for every 40 x 40 µm2 area. The data was processed by the
Gwyddion software package [33]. The slip systems that developed during plastic deformation
were then identified and analyzed through various techniques using DIC, EBSD, and ECCI.

2.3

Active slip system identification methods

2.3.1 Traditional Slip Trace Analysis
EBSD-based slip system analysis was applied to slip traces identified in SEM SE images,
DIC strain maps, and AFM maps. Potential slip traces associated with slip planes for a particular
grain orientation were compared with the observed trace lines using an in-house code [21].
Misorientation between potential slip plane traces and observed slip lines (for the most
prominent slip trace direction in the grain) are tabulated in table 1 for grain #1 from Fig. 5a. A
common weakness with this approach is that several slip planes may approximately align with
the actual observed trace. In these cases, the active slip system can often be inferred based upon
the likelihood of activation from the magnitude of the Schmid factor with respect to the global
tensile direction (included in table 1 for the example grain), combined with an analysis of critical
resolved shear stresses (CRSS) for the various competing slip systems [7–11,34]. Due to the
hexagonal crystal structure of titanium, slip in the <a> directions of the basal and prismatic
planes has significantly lower CRSS at approximately 1/5 of the CRSS of more complex <a> and
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<c+a> slip on higher order pyramidal planes [34], providing confidence in the slip system
identification by trace analysis for this particular grain, as will be discussed below. It is
important to note that even if a given slip system appears to be weakly active in SEM images,
this can be the result of the Burgers vector lying close to the parallel with the plane of the
sample, while other slip lines might be more evident solely due to their Burgers vectors being
more perpendicular to the sample surface. This limitation of slip trace analysis can be
supplemented through the use of other methods, which will be discussed further below.
Based upon this analysis, slip system #4 in table 1 is the most likely active slip system
associated with the dominant slip trace, as it exhibits a 1o error between the observed and
theoretical slip trace direction, a Schmid factor of 0.49, and a low prismatic CRSS. Figure 2-6(a)
shows the axial strain (εxx) map of the upper right region of grain 1, with a second family of slip
traces observable. Slip systems #4 ((0 1 -1 0) [2 -1 -1 0]) and #5 ((1 0 -1 0) [-1 2 -1 0]) were
identified to be associated with the two families of slip traces in the selected grain. This is
illustrated in the figure by the blue solid lines, which are the theoretical trace lines for these
systems and match the observed slip traces. The intense traces that are oriented from the upper
left to the bottom right correspond to the (01-10) [2-1-10] slip system #4. The weak traces lying
from the upper right to the bottom left correspond to the (10-10) [-12-10] slip system (#5, with a
smaller Schmid factor of 0.23).
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Table 2-1. Designations of the slip systems considered in this study: the Schmid factor, the
theoretical RDRs, and the angle between the axis of lattice rotation and theoretical line
direction for each system in grain #1 indicated by Figure 2-5(a). (Note: the
experimental RDR in this table was 1.30, which was calculated by
averaging the experimental RDR of two slip-trace line segments
for the dominant family of traces, at strain levels 3-7.)
Slip system
type

Slip system
number

Basal <a>

1

Prismatic <a>

Pyramidal <a>

Pyramidal
<c+a>

Slip system

Schmid
factor

Angle between
theoretical and
measured slip
trace (deg)

Difference
between
experimental and
theoretical RDR

Angle between
measured axis
of rotation and
line direction
(deg)

(0 0 0 1) [2 -1 -1 0]

0.07

29

0.25

87

2

(0 0 0 1) [-1 2 -1 0]

0.02

29

1.56

88

3

(0 0 0 1) [-1 -1 2 0]

0.09

29

5.33

90

4

(0 1 -1 0) [2 -1 -1 0]

0.49

1

0.25

3

5

(1 0 -1 0) [-1 2 -1 0]

0.23

59

1.56

3

6

(-1 1 0 0) [-1 -1 2 0]

0.26

62

5.33

3

7

(0 1 -1 1) [2 -1 -1 0]

0.40

7

0.25

26

8

(1 0 -1 1) [-1 2 -1 0]

0.19

69

1.56

27

9

(-1 1 0 1) [-1 -1 2 0]

0.28

69

5.33

28

10

(0 -1 1 1) [2 -1 -1 0]

0.47

4

0.25

31

11

(-1 0 1 1) [-1 2 -1 0]

0.21

50

1.56

31

12

(1 -1 0 1) [-1 -1 2 0]

0.19

57

5.33

29

13

(0 1 -1 1) [-1 -1 2 3]

0.33

7

2.91

77

14

(0 1 -1 1) [1 -2 1 3]

0.12

7

1.59

75

15

(1 0 -1 1) [-2 1 1 3]

0.37

69

2.48

74

16

(1 0 -1 1) [-1 -1 2 3]

0.47

69

2.91

78

17

(-1 1 0 1) [1 -2 1 3]

0.06

69

1.59

79

18

(-1 1 0 1) [2 -1 -1 3]

0.09

69

0.81

74

19

(0 -1 1 1) [1 1 -2 3]

0.28

4

2.39

76

20

(0 -1 1 1) [-1 2 -1 3]

0.03

4

1.48

78

21

(-1 0 1 1) [2 -1 -1 3]

0.27

50

0.81

78

22

(-1 0 1 1) [1 1 -2 3]

0.38

50

2.39

75

23

(1 -1 0 1) [-1 2 -1 3]

0.01

57

1.48

74

13

24

(1 -1 0 1) [-2 1 1 3]

0.09

57

2.48

79

2.3.2 Strain-based Methods: DIC, RDR, and AFM
Based on SEM-DIC data, the relative displacement ratio (RDR) method uses
observations of full-field deformation to infer the active slip system that would produce the
observed relative displacements across a slip band [1]. Slip trace analysis can be used to
determine the most likely subset of active systems, and RDR analysis can then be used as an
additional source of information to identify the active system with higher accuracy. Figure 2-6(b)
briefly summarizes the concept of the RDR. P1 and P2 are a pair of points located on different
sides of a slip trace, and the relative displacement between them is:
𝐒 = (∆𝒖, ∆𝒗, ∆𝒘) = (𝒖(𝑷𝟐 ) − 𝒖(𝑷𝟏 ), 𝒗(𝑷𝟐 ) − 𝒗(𝑷𝟏 ), 𝒘(𝑷𝟐 ) − 𝒘(𝑷𝟏 ))

(2-1)

where u, v, and w represent the displacements in the x, y, and z directions. Assuming the
relative displacement results from the deformation of slip system α with a Burgers vector 𝐛𝜶 =
(𝑏𝑥𝛼 , 𝑏𝑦𝛼 , 𝑏𝑧𝛼 ), and a slip plane normal vector 𝐧𝜶 = (𝑛𝑥𝛼 , 𝑛𝑦𝛼 , 𝑛𝑧𝛼 ), the following relationship can be
obtained:
∆𝒖

∆𝒗

∆𝒘

𝒙

𝒚

𝒃𝜶
𝒛

𝑺 = 𝒃𝜶 = 𝒃𝜶 =

(2-2)

where S represents the magnitude of the relative displacement S and b represents the
length of the Burgers vector. Note that only in-plane displacements u and v were measured by
2D DIC in the current study; w can be measured with AFM. The second and third terms of Eq.
(2-2) can be rewritten as:
(2-3)

𝒃𝒙 /𝒃𝒚 = ∆𝒖/∆𝒗

The ratio bx/by is defined as the theoretical RDR, and the ratio ∆𝑢/∆𝑣 is defined as the
experimental RDR. A smaller difference between the experimental and theoretical RDR values
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indicates a higher confidence of the correct slip system identification [12]. To reduce error
caused by experimental noise, multiple pairs of points along a segment of a slip trace line can be
used for analysis, where the experimental RDR from all pairs of points are averaged. In this
work, the experimental RDR values were measured for four randomly chosen line segments as
indicated by the red solid lines in Figure 2-6(a). Figure 2-6(c) shows the evolution of the
measured RDR for these four lines at the strain levels defined in Figure 2-6(a). The theoretical
RDR values for the two slip systems are indicated by the black dashed lines. All of the labeled
slip traces had activated by a globally applied strain of 0.018 (strain level 3), and their
experimental and theoretical RDR values were similar. For example, the experimental RDRs of
line segments 1 and 2 between strains of 0.018 – 0.028 (strain levels 3 – 7) were averaged, and
the averaged experimental RDR of 1.3 was then compared with the theoretical RDRs of all
possible slip systems. As summarized in table 1, the smallest difference between the averaged
experimental and theoretical RDRs was found when comparing with slip system #4, with a
difference of 0.25. Although other slip systems with the same slip direction as slip system #4,
including slip systems #1, #7, and #10, also exhibited a difference of 0.25, they were not likely
active because their theoretical slip trace directions did not match the experimental observation.
To further investigate the precision of the DIC slip trace analysis, an AFM topography
map was used to cross-validate the DIC method. AFM can capture fine-scale measurements of
the out-of-plane displacements along and across slip bands. The local shear distribution, as
illustrated in Figure 2-7(b right) and Figure 2-8, was calculated from AFM and DIC data,
respectively, and compared.
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(b)

(a)

(c)

Figure 2-6. (a) Axial strain map of a selected area of interest including part of Grain
#1. The theoretical slip trace directions for two slip systems were indicated by the
blue solid lines. The experimental RDRs were measured for the four slip trace lines
segments indicated by the red solid lines. (b) Illustration of the relative displacement
across a slip trace. P1 and P2 are a pair of points located on different sides of a slip
trace. The relative displacement between P2 and P1, represented as (Δu, Δv, Δw), is
measured at P2 using P1 as reference. (c) Evolution of the experimental RDR
measurements at different strain levels for the four slip trace line segments. The
theoretical RDRs for the two slip systems are indicated by the black dashed lines.
The AFM map from an area in grain 1 is shown in Figure 2-7(a), where the background
was subtracted and the point with the lowest height was set to 0. The height difference H (nm)
across a slip band within a certain distance X (μm) can then be precisely extracted from the AFM
line profile data (i.e. the blue line in Figure 2-7(a), with blue arrows indicating the slip bands and
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the corresponding heights). Based on the height change across the individual slip bands and the
known Burgers vector direction, the relative shear distribution across slip bands was calculated,
as illustrated in Figure 2-7(b) [18]. For a given slip system, the number of slip planes N can be
calculated from the height difference, H (which is related to the Δw component in equation 2-2 in
the DIC/RDR analysis), and the Burgers vector b projected onto the surface normal (e):
𝑯

(2-4)

𝑵 = 𝐛∙𝐞
The average shear 𝛾 contributed by each slip system can be estimated as:
𝑯

(2-5)

𝜸 = (𝐛𝑵)/(𝑿𝐧) = (𝐛 𝐛∙𝐞)/(𝑿 ∙ 𝐧)

Using this approach, the local shear can be mapped by determining the gamma on a tile
by tile basis. For example, by manually dividing the AFM topography map in Figure 2-7(b left)
into 29 x 29 squares tiles (X =0.3 μm), the height difference H across each slip band in each tile
can be calculated from the AFM line profile, and the local shear can be mapped as shown in
Figure 2-7(b right). In this case, the maximum shear is 0.70 and the minimum shear is 0.01. As
can be seen from Figure 2-7(b right), the (01-10) [2-1-10] slip system (#4), which runs from the
upper left to the lower right, exhibits more activity (𝛾 ranging from 0.28-0.62) than the (10-10) [12-10] slip system (#5, with 𝛾 ranging from 0.09-0.16), which runs from the upper right to the
lower left. This is consistent with the differences in the calculated Schmid factor (0.49 vs. 0.23)
for the same CRSS.
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Alternatively to the AFM approach, the local shear on active slip systems can be
calculated using the full-field displacement data from the DIC analysis. The overall approach of
this method is similar to the AFM characterization, but more precise since it involves multiple

(a)

(b)

Figure 2-7. (a) AFM-measured surface topography map in grain 1. The blue line
traces the AFM profile showing the measured topography across the line, shown
below the AFM map. The small blue arrows indicate two prominent slip bands and
their corresponding heights. The black boxed region denotes where the local strain
was determined by both AFM and DIC shown in Figure 2-8. (b) (Left) AFM
topography map of the black boxed area in (a). (Right) Map of the local shear
distribution of black boxed area, consisting of 29 x 29 square tiles, with each tile
having an area of 0.09 μm2.
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in-plane displacements. For a given material point located at a pixel position 𝑃(𝑥, 𝑦, 0), the local
deformation was measured by a virtual extensometer with a length of Lx = 20 pixels (~0.29 μm),
placed along the x-direction of the sample, and centered at point P. The virtual extensometer can
be represented by a vector L = (Lx, 0, 0), and it can measure the relative displacement S between
points 𝑃1 (𝑥 − 10, 𝑦, 0) and 𝑃2 (𝑥 + 10, 𝑦, 0). Note that the length of the virtual extensometer
(~0.29μm) was selected to approximately match the size of the AFM tile (0.3 x 0.3 μm), so that
the local shear was estimated on a similar length scale. Assuming the relative displacement
results from the deformation of slip system α, the local shear on slip system α is calculated using
the following equation:
𝑺

𝜸𝜶 = 𝐋∙𝐧𝜶

(2-6)

which is essentially the same as equation 2-5. According to equation 2-2 the magnitude
of the relative displacement, S, can be calculated with the Burgers vector and either ∆𝑢 or ∆𝑣:
∆𝒖

𝑺 = 𝒃 𝒃𝜶

(2-7a)

∆𝒗

(2-7b)

𝒙

𝑺 = 𝒃 𝒃𝜶
𝒚

The small area indicated by the black box in Figure 2-6(a), which is approximately the
same area analyzed by AFM in Figure 2-7(b), was selected for analysis. Figure 2-8(a–c) shows
the resulting axial strain map, the u-displacement map, and v-displacement map. As two slip
systems (#4 and #5) were identified to be active, the relative displacement was considered as a
sum of the relative displacement associated with each of the active slip systems:
𝐒 = 𝐒𝟒 + 𝐒𝟓

(2-8)
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The components of the relative displacement associated with the two active slip systems
(∆𝑢4 , ∆𝑣 4 for slip system #4 and ∆𝑢5 , ∆𝑣 5 for slip system #4) were calculated by a system of
equations:
∆𝒖𝟒 + ∆𝒖𝟓 = ∆𝒖
∆𝒗𝟒 + ∆𝒗𝟓 = ∆𝒗
𝒃𝟒𝒚 ∆𝒖𝟒 − 𝒃𝟒𝒙 ∆𝒗𝟒 = 𝟎

(2-9a-d)

𝟓
𝟓
𝟓
𝟓
{𝒃𝒚 ∆𝒖 − 𝒃𝒙 ∆𝒗 = 𝟎

where the two equations, 2-9a and 2-9b, were obtained from equation 2-8 by considering
individual components along each axis. Applying equation 2-3 to each active slip system can
provide one additional equation: 2-9c for slip system #4 and 2-9d for slip system #5. This
provides four independent equations for four unknowns. For more than two active slip systems,
applying equation 2-3 can provide only provide only one additional equation but two more
unknowns (∆𝑢𝛼 and ∆𝑣 𝛼 for slip system 𝛼), and this would result in an indeterminate problem,
and an optimal solution would be used instead.
Using the method described by equations 2-6 and 2-7, the local shear on slip systems #4
and #5 were calculated for each pixel in the selected area, as shown in Figure 2-8(d) and (e). The
sum of the local shear on the two slip systems was calculated, and then coarsened by an average
filter with a window size of 20 × 20 pixels and a step size of 20 pixels. The resulting local shear
distribution map shown in Figure 2-8(f) consists of 33 by 33 windows, each of size 0.29 x 0.29
μm, providing approximately the same resolution as Figure 2-7(b). Compared to Figure 2-7(b),
the relative shear along and across each slip band is consistent with the calculation result from
AFM. Several comparisons across several random slip bands in different areas have been made
between the DIC and AFM approaches, and the results show that DIC is reliable for the shear
measurement. This cross-validates the preciseness of the slip system identification by the DIC
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approach. Importantly, this approach can provide more precise local shear information from
individual slip systems as well as the axial strain in this area, which is not accessible from the

(a)

(b)

(c)

(d)

(e)

(f)

Figure 2-8. (a) Axial strain, (b) u displacement, and (c) v displacement of a
selected area indicated by the black box in Figure 2-6(a). (d) The local shear on
slip system #4. (e) The local shear on slip system #5. (f) The sum of local shear,
coarsened by a window size of 20 x 20 pixels.
AFM method.
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2.3.3 Dislocation Observation Methods: ECCI
ECCI was used to image individual dislocations in the near surface region of the
deformed sample and to characterize the slip systems. Figure 2-9(a) shows a relatively low
magnification secondary electron image of grain 1, in which dominant slip bands, running from
the upper left to the lower right, are evident (traced in green). Trace analysis indicates that these
slip planes are (01-10) prism planes. Additional slip bands that run from the upper right to the
lower center are seen in the right side of the grain (traced in blue) and are identified as (10-10)
prism planes. This slip band contrast is primarily a result of the topography from the slip bands,
but may also be reinforced from the dislocations lying in the slip bands [13]. Figure 2-9(b) shows
a higher magnification image of the deformation structure, outlined in the red box in Figure
2-9(a), that reveals the individual dislocations. It is evident in these higher magnification images
that the dominant slip bands are made up of densely packed dislocations that bow out
considerably, but have ends that align along the slip band direction (in ECCI, dislocations will go
out of contrast as they extend further below the surface). The dislocations lying in the slip bands
that run from the upper right to the middle of the image appear to bow out on planes that are
more parallel with the surface. In addition to the dislocations associated with the slip bands
evident in Figure 2-9 (a), significant numbers of dislocations are also observed on slip planes that
have not developed strong surface slip traces. These dislocations have bowed out on (0001) basal
planes and exist in a significant number of dislocation pile-ups, identified by the red brace in
Figure 2-9 (b).
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Figure 2-9. (a) Secondary electron image showing two prism slip band
orientations, (01-10) (green) and (10-10) (blue) in grain 1, determined by the trace
analysis. (b) Higher magnification ECCI image from the red region in (a) showing
the local dislocation structure. Dislocations are identified in both the slip bands
noted by the green and blue braces, but additional dislocations are observed on
the basal planes (red).
The Burgers vectors of individual dislocations were identified using ECCI g・b = 0 and
g・b x u = 0 invisibility criteria [20], where g is the channeling vector, b is the Burgers vector,
and u is the dislocation line direction. Compared to other slip trace methods that have the
potential for error based on misidentification of the slip system, which results in a “fit” factor
(RDR, rotation angle) between the theoretical trace and the observed trace, ECCI requires a
judgement of whether a dislocation is either out of contrast or in contrast for a given g. Errors
are minimized by making these judgements for both in and out of contrast for multiple ECCI
images taken with different g. In the present study, all dislocations were assessed for six
different g. Figure 10 shows such an analysis for the region of grain 1 shown in Figure 2-9. In
this study, the slip planes were identified using the trace analysis approach described above. In
all cases, the identified Burgers vectors were consistent with these slip planes. In the area
studied in Figure 2-9, four different Burgers vectors were identified. The dominant (01-10) prism
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slip bands (green) contained [2-1-10] dislocations and the (10-10) prism planes contained [1210]

(a)

(c)

(b)

(d)

(f)
(e)
Figure 2-10. (a-f) ECCI images captured at different channeling conditions
from the same region as in Figure 2-9(b). The electron channeling
conditions are indicated by the black arrows on the SACPs shown on the
upper left corners. The colored arrows and fonts indicate the Burgers
vector of the various dislocations evident in the figures. Different
dislocation Burgers vectors are in strong or weak contrast depending on g.
The majority of the dislocations are (01-10) [2-1-10] (green traces in Figure
2-9) and (10-10) [1-210] (blue), with some (0001) [11-20] (red) dislocations
and a small number of (10-11) [1-210] dislocations.
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dislocations (blue). These two slip systems were consistent with those identified by RDR/DIC.
Additionally, the dislocations observed to be bowed out on basal planes (red) had [11-20]
Burgers vectors. A small number of [1-210] dislocations were also observed. While it was not
possible to identify any slip bands associated with these latter dislocations, it was possible to
estimate their line directions as close to [-1012]. Consequently, it appears these dislocations lie
on the (10-11) plane.
Figure 2-10(a-f) ECCI images captured at different channeling conditions from the same
region as in Figure 2-9 (b). The electron channeling conditions are indicated by the black arrows
on the SACPs shown on the upper left corners. The colored arrows and fonts indicate the
Burgers vector of the various dislocations evident in the figures. Different dislocation Burgers
vectors are in strong or weak contrast depending on g. The majority of the dislocations are (0110) [2-1-10] (green traces in Figure 2-9) and (10-10) [1-210] (blue), with some (0001) [11-20]
(red) dislocations and a small number of (10-11) [1-210] dislocations.
In contrast to other surface analysis techniques, ECCI depends on contrast variations due
to lattice distortions rather than surface displacements. Thus, it is capable of identifying
dislocations that are responsible for wavy slip traces and those that do not contribute to the
formation of an apparent slip trace. One typical example is the identification of slip systems in
grain 2, as shown in Figure 2-11. Only (1 1 0 0) [1 1 2 0] (red trace) and (0 1 1 0) [2 1 1 0] (blue
trace) slip systems were identified by slip traces in Figure 2-11(a). The yellow trace was not
identified as it did not match any theoretical traces. This unknown slip system was identified as
the (-1011) [1-210] slip system in the more detailed ECCI analysis. Additionally, basal <a> slip
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systems that did not form an apparent slip trace were also identified, with the majority of them
being (0001) [1-210] slip.

(b)

(a)

Figure 2-11. (a) Slip traces developed during deformation in grain 2, colored lines
represent the traces on the surface. (b) ECCI image of the red area in (a), where
more dislocations types were identified, with each type marked by the colored
arrows.
2.3.4 Dislocation-based Observations: GND Content from EBSD
While direct observation of individual residual dislocations following deformation is an
ideal method of inferring slip system involvement (e.g. by ECCI), arrangements of geometrically
necessary dislocations (GNDs) can also indicate the active slip system where strain gradients are
present. This is particularly true where slip bands approach grain boundaries, resulting in
dislocation pileups [26,35]. The GNDs cause orientation gradients that can be identified using
EBSD, from which the corresponding slip system can be inferred. This method benefits from
initial slip trace identification using other methods, such as those described above, to narrow
down the list of likely active systems. The traces can be identified from SE images, or from the
lines of small orientation gradients seen in the inverse pole figure (IPF) map, e.g. Figure 2-12. In
the case of Figure 2-12, this approach indicates that (0 1 -1 0) plane was active (see also table 1).
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The dislocation content in the slip bands typically consists of a distribution of
dislocations with the same Burgers vector that glide until encountering an obstacle, and create a
pileup [36]. Thus, the extra planes of atoms from each dislocation all on one side of the slip
plane create long-range lattice strain and cause a rotation in the lattice about the line direction of
the dislocations (under the simplifying assumption of pure edge dislocations for this analysis).
By identifying the axis of rotation and comparing with possible line directions, the active slip
system can be identified [26].
For the slip bands in question (e.g. grain #1), a neighboring reference point towards the
center of the grain was selected, and the rotation from this point to each evaluation point along
the band was determined. A transformation matrix was determined from the EBSD data,
indicating the orientation of the lattice at each point. A third transformation matrix from the
reference point to the evaluation point was then created:
𝑮𝒓,𝒆 = 𝑮−𝟏
𝒓 𝑮𝒆

(2-10)

where 𝐺𝑟 and 𝐺𝑒 are the transformation matrices representing the orientation of the
reference point and the evaluation point, respectively. 𝐺𝑟,𝑒 is the rotation matrix from the
reference point to the evaluation point. This transformation matrix 𝐺𝑟,𝑒 was then converted into
an axis-angle rotation, giving the axis about which the lattice is rotating. This axis was then
compared to the possible line directions of the deformation systems on the identified slip
plane(s), and deformation systems with line directions close to the axis of rotation were
identified as possibly active.
Figure 2-12 demonstrates two selected points that were used for this method. These
points were found in grain 1. Using these two points, the lattice rotation was used to identify
possible active slip systems following the method described above. Table 1 includes these
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results, showing the angle between the line direction and axis of rotation for each slip system. A
lower angle suggests a higher likelihood of the slip system being active. The three closest slip
systems were the prismatic slip systems, as they all have parallel line directions with a
misorientation of only three degrees between measured and theoretical directions. Since there are
three possible systems identified, the slip trace analysis was then used to identify the active slip
system responsible for the slip traces (along with the Schmid factor, if necessary). It can be seen
from table 1 that the (0 1 -1 0) [2 -1 -1 0] system lies on the slip plane selected through slip trace
analysis, and thus is identified as the active slip system; it also has the highest Schmid factor.

Figure 2-12. IPF map of grain boundary of
grain 1 in the sample, with the green circle
and blue square representing the reference
and evaluation points, respectively.
Interchanging these selected points does not
affect the result, as it only causes the rotation
to be in the opposite direction about the same
axis.
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Slip traces in the secondary direction (top right to bottom left as indicated by the ECCI
and DIC data) cannot be readily seen in the IPF gradients in Figure 2-12. Thus, slip trace
analysis and point selection for this method may rely on SEM SE images, optical microscopy, or
some other means. Using this approach, the slip system was identified as the (1 0 -1 0) [-1 2 -1 0]
system, matching the results of the other methods used.
This method was then implemented on various slip traces to probe its more general
viability. These results and their comparison with the other two methods will be discussed later
in this paper.

2.4

Quantitative Comparison of Dislocation Activity from Various Data Streams
In the previous discussion regarding the determination of active slip system(s) from strain

measurement, both ECCI and EBSD / GND data do not address the level of activity in terms of
numbers of dislocations. Clearly for the ECCI and EBSD / GND approaches, this is only
possible when residual dislocations exist in the structure after deformation; specifically, there
must be a strain gradient for the latter approach. Here, we consider the quantitative information
available from each method, regarding dislocation distributions in the presence of strain
gradients associated with the slip bands.
The EBSD data can be used to generate a GND density map that associates with the local
strain gradient. This was done for the current sample using the open source OPENXY software
[37]. Following the guidance on parameter selection specified in [38], a step size of 990 nm was
selected, which demonstrated a stable level of average GND density in the scan relative to step
size. This step size was also sufficiently large to eliminate noise from measuring techniques and
nearby statistically significant dislocations (SSDs), which are not of interest here, and thereby
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reveal the content of the GNDs on the dominating slip systems responsible for the visible slip
bands. Since GNDs are highly visible in the ECCI scans, they can be compared to the GND
density maps generated from the EBSD data. Figure 2-13 shows a comparison between an ECCI
scan in grain 1 and the GND density map generated from the EBSD scan in grain 1. The
locations of high GND density correlate reasonably well with the locations where high GND
density is visible in the ECCI images. For example, the high-density locations in the GND
density map show a maximum of about 10^14.5. Assuming an evenly spaced array of
dislocations, this would amount to a spacing of roughly 50 nm between dislocations, which is
reasonably consistent with the ECCI image. This suggests that both the ECCI and GND data
result in a similar identification of the underlying dislocation distributions in the material, and
therefore the same localized short-range strain gradients.

(b)

(a)

Figure 2-13. (a) ECCI image of grain 1 with dislocations visible. (b) GND map
generated from short-range strain gradients showing localized distribution of GND.
Maps match up quite well showing similar dislocation content between areas in the
red boxed areas in (a) and (b).

30

The presence of a field of GNDs of the expected magnitude does not guarantee that the
GND arrangement produces the observed long-range rotation and strain gradients. GND fields
often produce only very local strain gradients, with the dislocation slip system changing
periodically across a given grain. To examine the relationship between local GND density and
long-range rotation gradients, the dislocation content and the long-range lattice rotation gradient
along the slip bands can be approximately related according to [35]:
𝜟𝜽
𝜟𝒙

𝒏𝒃

(2-11)

= 𝝆𝒃 = 𝜟𝒙𝒉

where 𝛥𝑥 is the length along the slip band and 𝛥𝜃 is the relative rotation between two points.
The number of dislocations along the band is represented by 𝑛, which can be found by
calculating the number of dislocations in each volumetric point of the slip band using the GND
density map, and then summing the number in each point for all points of the band. The burgers
vector magnitude of the slip system is denoted by 𝑏, and ℎ is the spacing of the slip bands. By
multiplying both sides by 𝛥𝑥, the resulting equation can be used to estimate the rotation based on
the number of dislocations along the band. This can then be used to estimate a rotation from the
total number of GNDs, which can be taken from the GND density maps, and compare it to the
measured rotation.
This method was applied to endpoints of over 4000 different line segments, along parallel
slip bands, in order to generate a large dataset of long-range theoretical lattice rotations
calculated from the short-range strain gradient GND content and measured lattice rotations using
equation 2-10. Along the band, the theoretical lattice rotation (calculated from the short-range
strain maintained by GND content along the band) and the measure lattice rotation (calculated
from eqn.2-10) were plotted against each other, as shown in Figure 2-14. There was a strong
correlation between the two, indicating the validity of this approach.
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Figure 2-14. Plot of theoretical lattice rotation, calculated from shortrange strain maintained by GND content along band, and measured
lattice rotation as calculated from equation 2-10. There is a strong
correlation between the two with an R-squared value of 0.735.
There is a strong correlation between the theoretical rotation as calculated by the GND
content and the measured rotation from the EBSD data. These data suggest that the relationship
between lattice rotation and GND is strong and that one can quite possibly be predicted from the
other and vice versa. Additionally, as the long-range lattice rotation is caused by dislocation
pileups, this indicates that the measured GND content is lying on a consistent slip system. This is
in agreement with the suggestion at the beginning of this section that the GND step size selection
is sufficient to identify dislocations of a consistent slip system and cancel out noise and SSDs.
As shown in Figure 2-14, the trendline between the two methods is 1.06, with a p value of zero
(or lower than the computing roundoff error resulting in zero, which is characteristic of a large
dataset such as this one). The R-squared value of the data is 0.735, suggesting that while the
correlation is strong, more is involved in the relationship between GND and lattice rotation. This
32

could possibly be due to multiple active slip systems contributing partially to the lattice rotation
in different directions. Other causes can be attributed to noise in the EBSD and thus the GND
data generated from the short-range strain gradients. Additionally, dislocation numbers
calculated from the GND density maps were assumed to pass through the entire length of one
step size into the material, which is only true for dislocation lines that are perpendicular with the
sample surface. In reality, dislocation lengths vary, leading to different dislocation contents.
This provides additional evidence that both the ECCI data and the long-range strain
gradients from the EBSD scans indicate consistent dominant slip systems upon which the GNDs
lie, as verified through the use short-range strain gradients and GND maps. Therefore, further
confidence can be built in both of these methods as accurate and reliable methods in determining
the active slip system.
If all methods are measuring the same dominant active slip systems on which the GND
content lies (thus creating the short-range strain gradients captured by EBSD), then in addition to
the long range rotation gradients measured by EBSD, the strain gradients from the DIC data
should also be consistent with the GND data. As displacement is caused by dislocations that have
passed through certain locations, long-range strain gradients along a slip band can be used to
calculate the number of dislocations that remain in a pileup along that band [26]. This can be
done by taking the difference of ϵxx strain values between two points along a band, as can be
taken from the strain map shown in Figure 2-15, and multiplying it by the scaling factor used to
calculate the strain map which results in the value of the difference between the displacement
amounts that have occurred at each point. The displacement values directly relate to the amount
of dislocations that have glided through the point, so the difference between these displacement
values directly correlate with the number of dislocations that glided through one point and not
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the other, or in other words, are left as residual GND between the two points along the slip band.
By dividing the resulting difference in displacement by the Burgers vector, the number of
residual GND can be calculated. Figure 2-15 shows an example of a band and the corresponding
strain curve extracted from the band. The strain values at the beginning and end of the curve can
be used to calculate the number of dislocations along that pileup in the band.
The number of GNDs along ten different bands were calculated using this process and
compared to the number of GNDs calculated from the GND density map based from short-range
strain gradients. Figure 2-16 shows the comparison of calculated GNDs from the strain map

25 μm
Figure 2-15. Section of axial strain map with selected portion of a slip band identified
with the red circle (left). Corresponding strain curve along the slip band (right). There
is a negative gradient in the strain values along the band in the direction of the dotted
arrow, suggesting a dislocation pileup that can be measured.
versus the EBSD-obtained GND density map. There is a strong correlation between the two
values along the red dashed trend line. The slope of this line is 1.062 with a p value of 6e-6
suggesting that both sets of data are accurately sharing information about the same dislocation
pileups. Thus, further supporting the idea that in the presence of strain gradients, each method is
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measuring characteristics of the same active slip system despite each method measuring distinct
characteristics of the deformed sample.

Figure 2-16. Comparison of GNDs calculated along a slip band from the
strain map using the GND density map from the EBSD data and the strain
map from the DIC data. Red dashed line shows the trend of the data with a
slope of 1.062 suggesting the strain map and the GND density map have
information about the same dislocations.
2.5

Slip System Identification Comparison
All slip system identification methods were applied to two grains to identify multiple

active slip systems in each grain. These results are summed in table 2.
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Table 2-2. Slip systems identified by each method in each grain. ECCI method was able to
identify dislocations on slip systems that were not creating visible slip bands.

Slip trace and Schmid Factor

SEM-DIC Method

ECCI Method

Grain 1

Grain 2

(0 1 -1 0) [2 -1 -1 0]

(-1 1 0 0) [-1 -1 2 0]

(1 0 -1 0) [-1 2 -1 0]

(0 1 -1 0) [2 -1 -1 0]

(0 1 -1 0) [2 -1 -1 0]

(-1 1 0 0) [-1 -1 2 0]

(1 0 -1 0) [-1 2 -1 0]

(0 1 -1 0) [2 -1 -1 0]

(0 1 -1 0) [2 -1 -1 0]

(-1 1 0 0) [-1 -1 2 0]

(1 0 -1 0) [-1 2 -1 0]

(0 1 -1 0) [2 -1 -1 0]

(0 0 0 1) [-1 -1 2 0]

(0 0 0 1) [-1 2 -1 0]

(1 0 -1 1) [-1 2 -1 0]

(0 0 0 1) [-1 -1 2 0]
(0 0 0 1) [2 -1 -1 0]
(-1 0 1 1) [-1 2 -1 0]
(1 0 -1 1) [-1 2 -1 0]

EBSD Rotation Gradient Method

(-1 1 0 0) [-1 -1 2 0]

(-1 1 0 0) [-1 -1 2 0]

(0 1 -1 0) [2 -1 -1 0]

(0 1 -1 0) [2 -1 -1 0]

As seen from the table, all methods identified the same active prismatic slip systems in
both grains, suggesting that all are viable methods that can identify the activated slip system.
However, each method has limitations and advantages.
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The EBSD rotation gradient method is advantageous in that it can be relatively low cost,
requiring only EBSD scans to be performed and not requiring the preparation or data collection
of the DIC and ECCI techniques. However, this depends upon microscope setup and resources,
and may not be true in all cases. A limitation of the EBSD long-range rotation method is that it
can only be used to identify the activated slip system if activate slip traces can be visually
identified since points along the trace need to be selected. This can be difficult using strictly the
EBSD data and IPF images, as the traces are visible by only subtle color gradients which often
only show evidence of a primary slip system or none at all. However, this problem can be
addressed through SEM or optical microscopy, methods that typically can be used to visualize
the slip traces. Additionally, this method is dependent on long-range rotation gradients in the
crystal lattice that are maintained by GND along a slip band. With no rotation gradient,
identifying the active slip system would be impossible using this method.
The RDR method is a reliable means to accurately identify active slip systems. However,
it is limited to identifying slip systems along slip bands that are visible in the DIC data and
requires a certain level of strain for the RDR values to converge to their final values. The RDR
method also requires SEM-DIC data collection in addition to the EBSD data collection, which
may increase costs depending on experimental resources.
ECCI is typically strong in identifying of the nature of dislocations, including the Burgers
vectors and slip planes, especially for the dislocations that do not contribute to the apparent slip
bands. The distribution of dislocations can be clearly visualized, but the dislocation density can
only be qualitatively measured compared to HR-EBSD. Additionally, since this method is
dependent on visualization of GNDs, existence of GNDs in the material is necessary and
suggests the need for localized short-range strain gradients. However, ECCI is not able to
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calculate the strain relative to the deformation. The need to be able to accurately measure local
crystal orientations with respect to the electron beam in order to set up specific electron
channeling conditions typically requires specialized SEM modules (i.e. SACPs), and the level of
user experience needed for this can be challenging. It can also be time consuming for large area
dislocation analysis compared to the DIC and EBSD.
AFM is a strong supplemental technique capable of measuring out-of-plane strain across
an as-deformed sample surface. With AFM characterization of the Burgers vector, slip plane
normal of the slip systems, it is possible to calculate the relative strain contribution by each of
the slip bands with relative comparable preciseness. However, AFM used by itself is not able to
correctly identify the slip system and crystal orientation and must be used in conjunction with
EBSD or other identification methods.
Table 2-3, gives a tabulated comparison of the different methods discussed in this work
based on the example slip bands in grain 1 discussed previously. Each row shows the number of
slip systems identified by each method as possibly activated with slip trace analysis as a baseline
in the first row and each of the other methods as a comparison in the subsequent rows done with
and without slip trace analysis. Since the purpose of these methods is to find the one slip system
responsible for deformation along a slip band, ideally these methods would narrow down the set
entire set of slip systems to the one activated system, however this is not always the case.
Therefore, higher numbers of systems identified correspond to lower levels of accuracy or
possible false positives. Note that the entry of the number of systems identified with trace
analysis for the slip trace analysis row is blank as it is not applicable. Also, the ECCI method is
impossible to do without slip trace analysis since knowledge of the activated slip plane is
required for identification of the line direction according to the invisibility criteria. Additionally,
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this table includes extra information included (apart from the identified slip systems) and
summary of the resources and data collection required to implement the method. This can work
as a simplified guide one could use in selecting which method is appropriate for implementation
based on lab and experimental constraints as well as the desired information to be gathered.
When selecting, it may appear that the most accurate method with and without slip trace analysis
is the Schmid factor and CRSS comparison method. However, while this is true for the example
given, the highest Schmid factor does not always correspond with the activated slip system.
Table 2-3. Tabulated comparison of each method giving the number of possible identified
systems for each based on the slip bands analyzed previously in grain 1. Narrowing
down the identified systems to more than one indicates ambiguity in the results,
so a lower number represents a more accurate identification. Also included
is the extra information collected using the method as well as the
resources and data collection required for implementation.
Identification
method

Narrowed # of
systems w/ trace
analysis

Narrowed #
of systems
alone

Extra information collected

Resources and data collection
required

Slip Trace
Analysis

N/A

4

Slip planes corresponding to
traces

SEM images, EBSD prep
(polish) and scans

Schmid factor
and CRSS

1

1

Slip systems that most highly
align with applied force

EBSD prep (polish) and scans

SEM-RDR
Method

1

3

2-D strain gradients (3-D with
AFM), band strain profiles and
residual dislocations

DIC prep (speckle pattern
application), pre and post strain
SEM images, DIC analysis
software, EBSD prep (polish)
and scans

ECCI Method

1

N/A

Defect visualization, qualitative
dislocation distribution,
dislocations that do not lie on
slip plane

EBSD prep (polish) and scans,
ECCI images, advanced
experience adjusting microscope
parameters

EBSD Rotation
Gradient Method

1

3

Lattice rotational gradients,
residual dislocation content, axis
of rotation

SEM images, EBSD prep
(polish) and scans
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2.6

Conclusions
A sample of titanium alloy was prepared for microscopy and displaced under uniaxial

tension to approximately 3% global axial strain to develop distinct bands of localized slip. SEM,
DIC, EBSD, AFM, and ECCI data were collected from the sample. Active slip systems were
identified in two grains using slip trace analysis in conjunction with Schmid factors. From the
high resolution DIC data, the RDR method was used to confirm the identified active slip systems
with higher confidence. This approach is particularly important where the global Schmid factor
may not reflect the local stress field.
The AFM data was then used to augment the DIC data by providing out-of-plane
displacements and therefore shears. Shear profiles generated from the DIC data and the AFM
data were found to be complementary and consistent.
Analysis of ECCI data identified residual dislocations along the slip bands, confirming
the identity of the activated slip systems in the two grains; other dislocations lying on distinct
slip systems, without developing distinct slip bands, were also observed.
The EBSD data was independently used to infer the active slip systems in the grains
through measurement of long-range orientation gradients along the slip bands. The resulting slip
systems identified were consistent with all other methods.
Strain gradients associated with the slip bands provided another view of the remnant
dislocation field. Short range strain gradients in EBSD data were used to generate a dislocation
density map that was consistent with ECCI observations of residual dislocations. GND were then
used to calculate theoretical long-range rotations that were consistent with the measured
rotations. Using DIC displacement data, strain gradients were characterized and indicated a
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required GND content; this was found to be consistent with the GND maps as well, suggesting
that the presence of GNDs on consistent activated slip systems caused the creation of visible slip
bands.
These methods are all effective and different ways of identifying activated slip systems
which will prove to be increasingly useful in future research. Information from these methods
and measuring techniques can provide insight and further inform dislocation-based crystal
plasticity and strain gradient models that are being developed and refined. Additionally, these
approaches can be used to provide information such as strain and orientation gradients, GNDs,
and SSDs, which can be used to further guide and validate the developing models.

41

3

SLIP BAND CHARACTERISTICS IN THE PRESENCE OF GRAIN
BOUNDARIES IN ROLLS-ROYCE 1000 NICKEL-BASED SUPERALLOY

3.1

Introduction
Despite the known importance of dislocation / grain boundary (GB) interactions, most

mesoscale models do not account for these interactions at the slip system level. A large factor in
this scientific gap is the lack of detailed observations of dislocation / GB interactions across the
wide range of GB types. Description of these GB types include several characterizations of the
interface between two discrete grains. These include characterizations of the GB itself such as
GB tilt etc. [39–43], as well as characteristics of the grains on either side of the GB such as
relative misorientation etc. [44–46]. The latter will be used for this paper in observing dislocation
/ GB interactions and will be referred to as the GB character as it characterizes the grain-grain
interface. While the observation of single dislocation behavior in the presence of GBs is difficult
to observe for a statistically significant number of cases, slip-band interactions can be observed
much more readily using various techniques.
This paper employs high-resolution digital image correlation (HRDIC), combined with
electron backscatter diffraction (EBSD) to study slip band interactions with GBs for several
hundred bands, across a wide range of GBs. The source and nature of the underlying slip
activity, the associated geometrically necessary dislocation (GND) structure and resultant stress
concentrations, as well as the transmission behavior across GBs is investigated.
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Slip bands are the dominant mechanism for plastic deformation in a range of
polycrystalline materials. For face-centered cubic (FCC) nickel-based superalloys, there are
generally one or more favorably oriented slip systems for accommodation of strain within each
grain, often resulting in a single dominant system of parallel slip bands across the grain [47,48].
However, the behavior of the bands as they approach grain boundaries (GBs) can be more
varied, with some bands crossing, and others fading and terminating or breaking up as they
approach the obstacle [49,50]. While some believe the GB to often be the dominant source of
dislocations that compose slip bands [51], there is still significant uncertainty in the literature as
to where these dominant sources lie. This paper will investigate possible evidence of sources
being elsewhere in the grain and thus build upon current understanding of dislocation / GB
interactions.
In the classical view of the slip band / GB interaction, proposed by Hall and Petch [2,3],
dislocations that form in the grain interior glide until they encounter a GB that prevents further
motion and pins the leading dislocation [52]– this motion prevention is influenced by the level of
difficulty for slip to occur in the adjacent grain; dislocations following behind a pinned
dislocation are repelled by the elastic dislocation-dislocation forces, and a pileup occurs (see Li
and Chou for a discussion of this scenario, and alternative hypotheses [53]). Of particular
importance in this view is the GB obstacle strength or the stress required to push the dislocation
into or through the boundary. This slip “transmission” can also be considered activation of slip in
the neighboring grain. However, it will be referred to as transmission in this paper as it is the
term often used in the literature to reference this phenomenon [39,40,43,54]. Hence the
fundamental question arises as to whether the observed pileup and / or the transmission (as
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described by pushing dislocations through a GB as well as activation of slip in neighbor grain)
behavior at GBs correlates with GB obstacle strength.
Measured or calculated values of obstacle strength are not available for most GBs, in any
material; some inferred values exist for a limited number of observations (e.g. [52]), and various
analyses of certain GB subsets have been attempted with molecular dynamics (e.g. [54]).
Nevertheless, there is a generally accepted notion that the obstacle strength will correlate with
geometrical transmissivity factors [55] that quantify the misalignment of incoming and outgoing
slip systems. Thus, the current paper investigates the existence of correlations between these
transmissivity factors and both the observed pileup stresses and observed transmission behavior.

3.2

Methodology

3.2.1 Slip Band Identification
A polycrystalline nickel superalloy specimen was investigated: RR1000 with γ’
precipitate which is a material that was developed at Rolls Royce plc. It has a preferred
composition by weight percent of 14.0-19.0% cobalt, 14.35-15.15% Chromium, 4.25-5.25%
Molybdenum, 1.35-2.15% tantalum, 3.45-4.15% titanium, 2.85-3.15% aluminum, 0.01-0.025%
boron, 0.012-0.033% carbon, 0.05-0.07% zirconium, 0.5-1.0% hafnium, up to 1.0% rhenium, up
to 2.0% tungsten, less than 0.5% niobium, up to 0.1% yttrium, up to 0.1% vanadium, up to 1.0%
iron, up to 0.2% silicon, up to 0.15% manganese and balance nickel plus incidental impurities
[56,57].The γ/ γ’ alloy was subjected to heat treatment in order to arrive at unimodal size
distributions of γ’ precipitates with diameters of ~70 nm. To do this, a 𝛾′ super-solvus solution
heat treatment was applied, then the sample was quenched with oil and followed by a 𝛾′ super-
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solvus solution heat treatment and very slow cooling to promote grain growth rather than
nucleation of new grains. Details of the heat treatment are given in [58]. The average grain size
(equivalent circle diameter) for the alloy was approximately 43 m weighted by area. As will be
noted again later, the misorientation distribution follows the trend noted by Mackenzie [59]
A tensile specimen was machined and polished for pre-deformation EBSD orientation
mapping using standard mechanical polishing processes [58]. Then, a gold speckle pattern was
applied to the sample surface for the image correlation process, following the procedure detailed
in [49]. Images of the speckle pattern were obtained before and after uniaxial tensile
deformation, in the unloaded state, and the resulting displacement field was calculated using
LaVision’s commercially available DIC software, DaVis 8 [60]; software parameters were
selected to provide an error of below 0.01 effective strain for the approximately 32 million data
points [61].
Backscattered electron images of the gold speckle pattern were obtained before and after
the deformation step using a FEI Magellan HR 400L FE-SEM. To maximise the spatial
resolution, the microscope was operated at a voltage of 5 kV with a +2 kV stage bias and a probe
current of 0.8 nA. A working distance of 4 mm was chosen to maximise the signal-to-noise ratio.
A mosaic of 40 columns x 20 rows was used to collect 800 images with a 20% overlap,
corresponding to a field of view of ~ 1 x 0.5 mm. Each image had a resolution of 2048 x 1768
pixels and a pixel size of 14.6 nm.
The dogbone sample was deformed in uniaxial tension using a Zeiss-Kammrath 5 kN
tension-compression microtester. The sample was deformed at a rate of 0.3 mm min-1 to a global
macroscopic uniaxial engineering strain of ~ 0.02.
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The locally calculated values of displacement, u and v, from DaVis, were used to
determine the maximum shear strain, under a 2D plane strain assumption [62]:
𝟐
𝛄𝐦𝐚𝐱
𝟐

𝛛𝐮

𝛛𝐯

𝟐
𝛛𝐮

𝛛𝐯

= √(( 𝛛𝐱 − 𝛛𝐲) /𝟐) + ((𝛛𝐲 + 𝛛𝐱) /𝟐)

(3-1)

𝜕𝑢 𝜕𝑣 𝜕𝑢 𝜕𝑣

Where 𝛾𝑚𝑎𝑥 is the shear strain and 𝜕𝑥 , 𝜕𝑦 , 𝜕𝑦 , 𝜕𝑥 are the displacement gradients in the
𝑥 and 𝑦 directions. Note that the level of shear across a slip band was measured relative to the
step size of the DIC grid (117nm for the DIC window size of 8x8 pixels) and does not represent
the actual shear based upon the distance between neighboring slip planes; the calculated value

Figure 3-1. Maximum shear
maps from HRDIC analysis
of RR1000 with precipitates.
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provides somewhat of a lower bound of shear. This does not affect the calculations of dislocation
spacing below, which are based upon the displacements across the slip plane. The resultant strain
maps have sharp bands of high shear strain values along the slip bands, as illustrated in Figure
3-1.These sharp bands will be measured as discussed later. Important to note is that if slip is
occurring in a direction nearly parallel with the surface, a slip trace would not be seen in the
maximum shear map. However, this wouldn’t influence the analysis that will be done on each
slip band.
The HRDIC map was spatially registered with the maps of EBSD data by manually
selecting a series of triple junctions in both maps and minimizing the least square error between
these keypoint positions while applying a linear transformation to the EBSD map. We note that
this does not give perfect alignment, with grain boundary positions in the two maps typically
being displaced from each other by a few microns. Grains in the DIC map were defined using the
EBSD data and were analyzed individually for slip band activity.
The strain map for the grain was passed through a Radon transform, and the peak values
indicated the slip band locations. Shear strain vs distance from the GB along the band was
extracted from the HRDIC shear strain map. Because of the small error between GB location as
defined by the overlaid EBSD map, and the actual GB location in the DIC map, the ends of the
slip bands were generally defined by the point of minimum shear value rather than the
approximated GB position, significantly mitigating the slight misalignment issue. Spacing
between bands were measured by taking perpendicular lines from the center of each identified
band, mapping the shear strain along this line, and finding the distance to the first peak,
indicating the distance to the neighboring band. This was performed automatically using the
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“findpeaks” function in MATLAB but was also checked manually over a significant number of
bands.
Each straight and clear slip band was automatically identified, and then manually
checked by examining the proposed endpoint positions on the shear and EBSD maps, as well as
the associated shear profiles along the bands. This was done for each band to confirm the
automated program had successfully selected a slip band. We also note that shear bands that are
not straight (e.g. that zigzag across the grain), or that are particularly weak, would not be
identified by the Radon transform method. Please refer to Figure 3-1 or Figure 3-4 for
visualization of the sharp and straight bands identified as well as zig-zag or weak bands that are
not identified. After the automatic identification and manual check process was completed, 660
bands were available for examination.
For each slip band, perpendicular lines were defined, and the relative displacement ratio
(RDR), (𝑢2 − 𝑢1 )/(𝑣2 − 𝑣1 ), across the band was determined, as described by Chen and Daly
[63]; 𝑢1 and 𝑢2 represent displacements of two points on either side of the shear band in the
global x-direction, and similarly for the y-direction displacements represented by 𝑣𝑖 . For the
known crystal orientation (measured by EBSD), potential slip planes whose traces aligned
closely with the observed slip band were determined. The measured RDR was then compared
with the possible RDRs relating to the identified slip plane(s). Thus, the active slip system
associated with the selected band was determined. Once this was known, the component of
displacement perpendicular to the sample surface could be determined from the measured x and
y displacements (assuming that only one of the three possible slip directions in a slip band was
active, which is the required assumption for this RDR method). Chen and Daly did validation
studies on slip systems identified with high confidence through other methods [63,64]. Their
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method proved to match well with predictions from these validation studies. Shear and
displacement values were then modified by resolving the two-dimensional values calculated
from the displacement field into the three-dimensional slip direction as determined from the
RDR method discussed.

3.2.2 The Frank-Read source and dislocation loops
The relative displacement along slip bands indicates the number of dislocations that have
passed along the slip plane; e.g. for a slip plane that lies in the x-z plane, with an edge dislocation
line parallel to the z-axis and with a slip direction along the x-axis, the total relative displacement
along the slip band will be 𝑛𝑏, where 𝑛 is the number of dislocations that have passed a given
point, and 𝑏 is the size of the Burgers vector. To create the observed sharp slip bands shown in
the HRDIC scans, there must be consistent successive generation of dislocations on the slip
band. This effect can be attributed to Frank-Read sources [65] which are generally caused by
applied stress to pinned dislocation line segments. Note that this method assumes that slip for a
slip band occurs along a single plane while it is understood that slip bands are composed of slip
on several very closely spaced glide planes [66]. However, assumption of slip on one plane is
adequate for the displacement dislocation relationship mentioned above as the total displacement
over the width of the band is summed up and thus incorporating all dislocations in the slip band
as a superdislocation. As this paper discusses slip on a single plane, it is referring to the
mathematical assumption through the superdislocation summation model.
In the presence of a barrier to dislocation glide, such as a grain boundary, a dislocation
pileup of successive Frank-Read dislocation loops may occur against the locked dislocation that
is closest to the barrier. In this case, there is a strain gradient in the direction of the pileup. If all
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dislocations originated at the center of the grain (consistent with observations detailed below),
and if the spacing of the dislocations at a certain value of x is w with the Burgers vector
𝑑𝑢

𝑑𝜀

magnitude equal to 𝑏, then the displacement gradient, 𝑑𝑥 , and strain gradient, 𝑑𝑥, at that point (on
the side of the slip plane with the dislocation motion) will be given by:
𝐝𝐮
𝐝𝐱

𝐛

=𝐰 ;

𝐝𝛆
𝐝𝐱

−𝐛 𝐝𝐰

= 𝐰𝟐

(3-2)

𝐝𝐱

The resultant dislocation spacing and strain gradients can be compared with Eshelby’s
analytical solutions for the distribution of dislocations in pileups. We consider 1) A double ended
pileup between two pinned dislocations, with no externally applied stress, and 2) A single
directional pileup against a pinned dislocation, under evenly applied stress [35]. The solution for
dislocation positions in the first case is given by the roots of the first derivative of the Legendre
functions given by:
𝐱

𝐟 = 𝐏 ′ 𝐧−𝟏 (𝐋)

(3-3)

where 𝐿 is equal to the length of the slip band and 𝑥 is equal to the position along the slip
band and represents a set of more evenly distributed dislocations compared with the second case,
where the pileup is more severe near the pinned dislocation; the positions of dislocations for this
case are given by the roots of the first derivative of the Laguerre functions given by:
𝑓 = 𝐿′ 𝑛 (

2𝜏0 𝑥
𝐴

(3-4)

)

where 𝜏0 is equal to the applied shear stress, 𝐴 is equal to the slip area, and 𝑥 is equal to
the position along the slip band. For the purpose of this paper, 𝜏0 , 𝐴, and 𝐿. Are not needed as
normalized positions of dislocations will be used to create a normalized theoretical shear strain
curve for the corresponding pileups.
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Figure 3-2. Illustration of the lattice
rotation about the dislocation line
direction in a pileup.
A further characterization of GND distributions towards the ends of slip bands was
carried out by analyzing the orientation gradient field in the vicinity of the band. In the scenario
of a series of edge dislocations aligned along the slip plane, in the slip direction, the crystal
lattice should rotate about the dislocation line direction, as shown in Figure 3-2, by an amount
that relates directly to the dislocation density. For 𝑛 edge dislocations in the step ∆𝑥 along the
slip direction, the lattice curvature 𝐾 is given by [67]:
𝑑𝜃

𝑑𝛾

(3-5)

𝐾 = 𝑑𝑥 = 𝑑𝑥 = 𝜌𝑏
Where dislocation density 𝜌 = 1/(𝑤ℎ) and 𝑤 =

∆𝑥
𝑛

, giving the spacing between the

dislocations in the band, and a spacing h between bands; 𝑏 equals the magnitude of the Burgers
vector. The measured axis of rotation can then be compared to the line direction of the slip band
evaluated using the RDR method.
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Figure 3-3. Simple diagram of Frank-Read loop
interacting with the sample surface showing
edge dislocations of the same sign at the surface.
If the Burgers vector was rotated 90 degrees
such that the screw dislocation portion is pushed
entirely out of the sample surface, the
dislocations observed at the surface would be of
opposite sign.
Furthermore, the direction of the rotation would suggest which portion of the dislocation
loop is observed at the surface. Dislocation loops are composed of edge dislocations of opposite
signs at either end of the loop (top and bottom of the loop in Figure 3-3) with screw dislocations
between the edge dislocations [68]. The relative signs of observed edge dislocation pileups will
depend on which portion of the loop relative to the Burgers vector direction is observed at the
surface. Furthermore, if edge dislocation pileups are observed at both ends of a slip band, the
relative signs of the edge dislocations can be determined from the local rotation gradients near
the grain boundary. When the rotation direction at each end of the band is calculated using the
center of the band as a reference point, rotations of the same direction at each end would suggest
edge dislocations of opposite signs. Rotations of the opposite direction would suggest edge
dislocations of the same sign in both of the pileups at each end. It is important to also note that
depending on the direction of slip and development of the dislocation loop, there may be screw
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dislocation pileups which may affect the axis of rotation. This will be revisited later as the
results are being discussed and is intended to be part of the focus of another study.

3.2.3 Analysis of pileups
Of particular interest to the current study is the stress applied to the grain boundary by
dislocation pileups within a slip band, and any observed correlations between this stress and the
GB character. Eshelby showed that for a pileup caused by an applied stress, 𝜏, the stress on the
pinned dislocation would be given by 𝑁𝜏, where 𝑁 is the number of dislocations in the pileup.
For the case of the pileups observed in the nickel superalloy grains, with unknown residual stress
after unloading the sample, the pileup stress might be approximated by fitting Eshelby’s
solutions (such as those mentioned above) to the observed strain gradient and backing out the
associated stress. However, a more direct approach involves analysis of the dislocation spacing
that is required to produce the observed strain gradient, and then integration of the elastic forces
applied by such a dislocation field upon the pinned dislocation. For edge dislocations moving in
the same slip plane, the applied stress is summed over a set of integration steps with
𝑛𝑖 dislocations in the given step (derived from 𝑤 in Eq. 3-2), at a distance 𝑥𝑖 from the pinned
dislocation [17,69]:
𝜎𝑥𝑦 = ∑

𝜇𝑏𝑛𝑖

𝑙

4𝜋(1−𝜈)

𝑥𝑖 √𝑥𝑖2 +(𝑙⁄2)2

(3-6)

where 𝜇 is the shear modulus, 𝑏 is the Burgers vector, 𝜈 is the Poisson’s ratio, and 𝑙 is the
length of the dislocation - taken to be the visible grain diameter in this work. The shear modulus
and Poisson’s ratio are 75 GPa and 0.3 respectively for the nickel superalloy material while 𝑙

53

varies between bands in different grains. We note that the grain diameter estimate will be a
source of variability in the results; but since the stress contribution is higher for small 𝑥𝑖 , when
the 𝑙 terms approximately cancel, this should not cause a large error. Additionally, as will be
seen, the stress calculation is important for relative trends and comparisons, thus the exact value
is not as important to this study. Any error in the 𝑙 terms would cause a scaled increase/decrease
to all stress values calculated under the same assumptions for each slip band and give the same
relative results. Another important note with this equation is that it is under the assumption of a
superdisocation model with all dislocations summed across the width of the slip band and
assumed to be on one plane as discussed previously. Since in reality dislocations are on several
parallel slip planes, the actual backstress would be slightly less than what is calculated using this
equation. This overestimation would be relatively insignificant as lateral variation of dislocation
position would be of orders of magnitude lower than variation of dislocation position along the
band. Nevertheless, this equation can be used as an upper limit and since slip band thickening is
consistent among slip bands, relative trends should still be the same.
Since the total force is most affected by the dislocations closest to the pinned dislocation,
the integral of force is sensitive to step sizes used on data close to the pinned dislocation. To
maximize computation efficiency and speed, a smaller step size equal to the magnitude of the
Burgers vector of one full edge dislocation in nickel (approximately .249 nm) was used for the
first three microns of each shear band. The rest of the band used a step size of .05 microns. It was
found that using this step size beyond the first three microns had an insignificant effect on the
calculated stress when compared to using a step size of the Burgers vector for the entire shear
band. The data from the DIC maps were interpolated to these refined step sizes, and locally
smoothed to reduce numerical noise.
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It should be noted that the data was extracted in the unloaded conditions, and hence does
not indicate the maximum stress that was applied to the GB by the shear band under load. But it
is assumed that the unloaded strain will be proportional in some way to the loaded value and insitu tests have shown that any change in plastic strain within the bands during unloading is too
small to be resolved with the HRDIC technique [70].

3.2.4 Transmissivity Factors
As previously noted, one objective of the current study is to determine correlations
between pileup stress exerted on GBs, and microstructural metrics that might relate to the
obstacle stress of the given boundaries. Metrics that have arisen in the literature include GB
misorientation and the Luster and Morris m’-factor, as given by [44]:
𝑚′ =

𝑚𝑎𝑥
{𝑛̂𝑠𝑏 ∙ 𝑛̂𝛼 ∗ 𝑏̂𝑠𝑏 ∙ 𝑏̂𝛼 }
𝛼

(3-7)

where 𝑛̂𝑠𝑏 and 𝑏̂𝑠𝑏 are unit vectors perpendicular to the slip plane and in the direction of
slip, respectively for the shear band being examined; and 𝑛̂𝛼 and 𝑏̂𝛼 are unit vectors for all slip
systems in the neighboring grain.
Other factors such as the Chalmers N-Factor [46], the Lambda parameter from Werner
and Prantl [45], and the residual Burgers vector (RBV) [71] were used to measure transmissivity.
However, as will be seen below, this study focused on m’ and GB misorientation because they
are common metrics in the literature and showed the same results as all the other transmissivity
factors mentioned with regards to grain boundary backstress.
Higher values of metrics 𝑚′ , 𝑁 and 𝜆 indicate better aligned slip systems across the GB,
and hence easier transmission. For the RBV metric, a high value indicates that for a dislocation
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to transmit through the GB, if the net Burgers vector is conserved, a high residual Burgers vector
must be retained in the GB, presumably at a high energetic cost, thus correlating with more
difficult transmission.
Other microstructural attributes that may correlate with transmissivity include the
misorientation of the GB of interest, along with other metrics such as combinations of Schmid or
Taylor factors of the neighboring grains.

3.2.5 Transmission
As mentioned previously, one type of interaction that can be readily observed between
slip bands and GBs is transmission events. If a slip band is transmitting through a GB, then the
HRDIC scans should be able to pick up on the continuous shear through the GB caused by the
transmitted dislocations. We note that if a transmission event nucleated below the surface, there
may be no reason for the slip bands on either side of the GB to line up at the surface. However,
there is some evidence to indicate that transmission events primarily nucleate at the free surface,
when such a surface is present [72] which will be discussed further below. The character of
strain and strain gradients in slip bands at grain boundaries, for both visibly transmitting and
non-transmitting bands, was catalogued to identify a useful classifier for automatically
determining if a band transmitted or not. The bands classified as transmitting bands were then
compared with transmissivity factors mentioned above to see if there were any correlations
between transmission and these factors.
The shear profiles of transmitted bands were also analyzed to obtain insight on the
primary source of dislocations for the bands in both non-transmitting and transmitting cases.
Since shear is proportional to the number of dislocations that have passed along a slip band, local
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maxima, minima, and gradients of the shear profiles can be useful indicators of the source and
evolution of the dislocations in these bands.

3.3

Results and Discussion
Using the automated method described above 660 bands were identified in the RR1000

material. Note that modifying the parameters of the Radon transform search method would alter
the number of bands that are found in the material. A typical plot showing the distance along a
slip band vs maximum calculated shear strain can be seen in Figure 3-4. Note that the maximum
shear is near the grain center and the minimums are at the GB’s. As discussed before, shear
strain calculated across a single pixel width band is proportional to the amount of displacement
at a particular point. Displacement at a particular point is caused by dislocations passing through
the specified point, so shear strain values correlate with the number of dislocations that have
passed through the specified point. As dislocation loops propagate outward from their sources
and continue gliding until they get pinned or stop, a peak in shear along a slip band would
suggest that most dislocations are being generated at this location because all would pass through
locations immediately adjacent to the dislocation source, and as they stop or get pinned moving
away from the source the shear values would decrease creating a negative gradient on either side.
According to the peak in Figure 3-4, the source of the majority of the dislocations in a slip band
is close to the center of the grain where the the maximum value of shear strain is found. The
majority of shear bands showed similar behavior. One thing to note, however, is that it is
possible to have multiple dislocation sources along the slip band, and still have the final
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distribution of the dislocations creates a shear profile that would be the same as if there was a
dominant dislocation source in the middle of the grain.

Figure 3-4. Typical map of maximum shear strain from HRDIC scanning with visible
slip bands (left) and typical shear profile of maximum shear strain vs. distance along
the band starting at one GB and moving toward the other (right). GB is indicated by
the asterisks.
Figure 3-5 presents a boxplot of the normalized shear strain data along the 660 slip bands
in the RR1000 material. The shear profile for each band is normalized to a maximum value of 1
(after being resolved into the slip direction as mentioned above), and a length of 20 arbitrary
units (a.u). Starting at the GB at one end of a slip band, the median profile of shear increases for
the first third of the slip band, levels out for the middle third, and then decreases for the final
third of its length, as the opposite GB is approached. As mentioned earlier, this was compared to
the solutions proposed by Eshelby for shear strain in dislocation pileups. Since the sample is in
the unloaded state, one might assume that the first Eshelby solution (dislocation pileup between
two pinned dislocations with no applied stress; dislocation positions correspond with zeros of the
first derivative of a Legendre polynomial [35]) would be more relevant; however, the second
Eshelby solution actually appears to be a significantly better fit to the data (dislocation positions
correspond with the zeros of the first derivative of a Laguerre polynomial [35]). Hence, it
appears that after the sample is unloaded, the dislocations in the slip band do not fully reverse to
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take the spacing of the ideally unloaded pileup. This final unloaded dislocation arrangement
leads to long-range backstresses [17].

Legendre (two ends pinned, no stress)

Laguerre (one end pinned under stress)

Figure 3-5. Box plot showing the normalized shape of shear profiles
across 660 slip bands in RR1000 fine precipitate material (the
middle lines show the median, the box shows 25th-75th percentile
values, and the dashed lines show the extent of the other non-outlier
values); solutions from two Eshelby pileup scenarios overlaid on the
box pot.
As mentioned earlier, the strain gradients caused by these dislocation pileups correlate
with orientation gradients in the material. In the RR1000 material, 20 bands were selected by
randomly choosing 10 grains and then randomly selecting 2 bands per grain. These bands were
used to evaluate these orientation gradients. It was found that 85% (17 of the 20) of the selected
bands showed rotation about an axis that matched up with the line direction as identified using
the RDR method. This gives strong supporting evidence that the active slip system can be
identified through rotation caused by localized lattice strain from dislocation pileups. However, it
must be noted that it may be necessary to have similar global strain levels and manifestations of
sharp and clear slip bands. This finding enables the use of lattice rotation measurement methods
such as EBSD scanning to be used for active slip system identification rather than costly HRDIC
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scanning. While these findings are quite promising, this is planned to be the topic of a future
study for further evaluation of the method’s efficacy with a more detailed analysis.
Furthermore, the direction of the rotation suggested that 11 of the bands had edge
dislocations of similar sign on either end of the slip band while 6 bands suggested edge
dislocations of opposite sign as shown in Figure 3-6. One possible explanation to the bands that
didn’t fit either case could be caused by the dislocation pileups being associated with screw
dislocations, such as when the burgers vector is close to perpendicular with the surface (refer to
Figure 3-3), or mixed dislocations from the dislocation loop. This would potentially cause
unexpected lattice rotation and is intended to be an area for further study. This shows supporting
evidence that the slip bands observed in the material fit the Frank-Read source dislocation
formation model.

Figure 3-6. Graph of number of slip bands with single edge
dislocation type and opposite edge dislocation type at each end of the
band as observed through lattice rotation.
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We now consider correlations between the pileup stress calculated in the region of GBs,
and microstructure characteristics. Data for the relationship between pileup stress and GB
misorientation is shown in Figure 3-7 which, as mentioned earlier, is representative of all
transmissivity factors calculated, since the trends were virtually identical. This representation
will also be visited again later in the paper. One can see that the number of data points also
increases with misorientation, then declines; with a final spike in data points at 60o. The 60o GBs
represent twin GBs, with approximately 1/3 of the GBs being associated with twins. The
distribution of non-twin GB types closely follows the trend noted by Mackenzie [59] for GB
misorientation distribution in a random texture, with a peak density at around 40o. If the mean
stress is plotted against misorientation (red diamonds), there is no apparent trend; the mean stress
is constant with misorientation. It may seem from the figure that the maximum stress (or upper
bound of all data points) for a given orientation increases as misorientation increases (blue line).
However, this correlation of maximum stress with misorientation appears to simply be a result of

Figure 3-7. Misorientation vs stress at head of GB pileup.
Red diamonds indicate mean stress. Blue line indicates
upper bound (trendline of maximum stress vs GB
misorientation) for data.
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an increase in the number of points sampled at a given misorientation, which statistically would
include points from further along the tails of the stress distribution and give higher maximum
values.
In order to investigate the factors that contributed to the stress distribution at a particular
type of GB (in this case, a GB with a given misorientation), the distribution of stress for two
different types of GB were considered further. The pileup stress at twin GBs (a total of 212 GBs)
and at GBs with misorientation between 35o and 45o (157 GBs) was assessed. Figure 3-8 shows
the data for both types of GB, indicating a log normal distribution of pileup stress; this
strengthens the hypothesis that the positive correlation of the upper bound of the data points is
most likely simply the result of a higher number of data points being sampled from the
distribution.

Figure 3-8. Distribution of pileup stresses observed
across 157 GBs with nominal misorientation of 40,
and for 212 twin GBs. Note for better visualization
of the distribution, the highest twin pileup stress is
not shown, but can be seen in fig. 7.
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For the pileup stress relating to a single (~40o) misorientation, various microstructural
characteristics were tested for correlation with the level of pileup stress. The strongest correlation
related the pileup stress to the maximum shear strain across the relevant shear band. The p-value
for the statistical relationship between pileup stress and maximum shear strain along the shear
band was almost zero (1e-5), indicating a statistically significant correlation between these
factors; on the other hand, the R2 value for the correlation was only 0.115 (Figure 3-9),
signifying the likelihood that other factors are important. As pointed out by previous researchers,
we note that there was no significant correlation between the Schmid factor of the shear bands
that develop within a given grain, and the maximum shear that develops [61].

Figure 3-9. Pileup stress vs maximum shear stress in
the band for 157 slip bands with nominally 40 o
misorientation, and for 212 twin GBs in the material.
Importantly, there were no significant correlations between transmissivity factors (the
assumed indicators of differing obstacle stress) and pileup stress for a given GB misorientation.
Hence the differing pileup stress for a given GB type does not appear to correlate with GB
obstacle stress.
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In summary, there is no correlation between pileup stress and transmissivity factors (GB
misorientation, Luster-Morris factor, etc.) as Figure 3-7 suggests; the data being representative
for all transmissivity factors. The positive correlation between the upper bound of the pileup
stress and transmissivity factor (GB misorientation) appears to be caused by the number of
sampled points in transmissivity factor value ranges. There is a slight correlation between
maximum shear strain accumulation within grain and pileup stress for a given GB
misorientation, with a relatively weak correlation coefficient that indicates that other factors are
also likely to contribute.
We now look for potential correlations between pileup stress and transmissivity factors
across all slip bands in the material, without holding the misorientation constant. The m’-factor
metric is the simpler of the transmissivity metrics and is similar to the N-factor in terms of
definition; the m’ and N-factor metrics have a positive linear correlation with R-squared factor of
0.77. Figure 3-10 illustrates the relationship between transmissivity (as measured by m’) and GB
misorientation. When the misorientation is low the transmissivity is high (i.e. slip systems in
1
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Figure 3-10. M’ transmissivity factor vs misorientation
for 660 slip bands.
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neighboring grains are reasonably well aligned); when the misorientation is high the
transmissivity generally decreases but can still take relatively high values at high misorientation
values for specific relative orientations. The twin GBs appear to take one of three discrete
transmissivity values, with approximately 1/3 of the twins taking each of these values.
The relationship between m’ factor and pileup stress is shown in Figure 3-11,and
demonstrates a similar trend to GB misorientation – i.e. there is no significant correlation
between m’ factor and pileup stress. The local average stress with increasing m’ factor is almost
constant, as shown by the red diamonds in the figure; the outlying higher stress values that
appear in the figure correlate with a higher density of points with a specific m’ value and are
simply drawn from points further along the tails of the log-normal stress distribution as discussed
previously.

Figure 3-11. Pileup stress vs m’ transmissivity factor for 660
slip bands in the RR1000 material (black asterisks); the
mean value for a given m’ range is shown as red diamonds.
All other transmissivity metrics considered here (N-factor, 𝜆 , residual Burgers vector)
display the same independence from the pileup stress as mentioned earlier. Neither do the

65

Schmid factors of the grain or its neighbor affect the pileup stress distribution. There is also no
significant correlation between the angle of the GB trace and the pileup stress. However, there is
a weak negative correlation between grain size and maximum stress at the head of the pileup (P
value > .005, R-squared value of 0.0288).
The previous results, indicating weak or zero correlations between pileup stress and GB
character are for the unloaded material; dislocations will certainly reorganize themselves to some
extent during unloading. However, the observation of band transmission through a GB will still
be apparent after unloading the sample.
Slip band transmission will now be qualitatively and quantitatively analyzed. It was
found that 90% of the scanned sample surface demonstrated shear strain values of less than 0.06
at which point the top ten percent of shear values increased steeply to the maximum shear value
in the scans. Therefore, 0.06 was taken to be assumed as within standard noise limits of no strain.
Then through visually inspecting over 35 slip bands and their corresponding shear profiles, it
was identified that transmitting slip bands demonstrated unique shear profile behavior at the GB
compared to non-transmitting bands. Transmitting bands primarily had shear values above 0.06
at the GB while non-transmitting bands mostly showed the opposite. However, there was some
overlap between shear values of about 0.06 and 0.07; therefore, bands with a shear value over
0.07 at the grain boundary were considered to be transmitting to ensure that there are no false
positives of transmitted bands. Figure 3-12 shows an example shear profile of a transmitted band
with non-zero shear strain at the GB. After applying this qualification to all 660 slip bands, it
was found that roughly 35% of bands transmit through a grain boundary. Again, as mentioned
earlier, transmission includes the concept of activation of a new slip system in a neighboring
grain. Also it is important to note that in the sample, all slip bands that transmitted showed the
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ends of the slip bands that met at the GB were within one pixel of each other reinforcing the idea
that in this sample transmission events often nucleate at or extremely close to the free surface.
After categorizing transmission events and revisiting the GB pileup stress, it was found
that the average pileup stress for transmission events at 55 MPa was roughly 45% higher than the
average pileup stress of non-transmission events, which was 38 MPa. This could potentially be
due to an increase in average stress required to transmit; however, there seems to be no
indication of a consistent transmission threshold stress.
In situations where there was complete transmission and two discrete bands were
identified on either side of the grain boundary, the bands were qualitatively observed. This
qualitative observation of the resolved maximum shear strain profile provides insightful evidence
of dislocation generation since local maximums would correlate with dominant dislocation
generation sources as discussed previously. These shear strain profiles were observed from one
end of the original slip band, along the band, across the grain boundary to the transmitted band
and then on to the opposite end of the transmitted band. It was found that of these events, there
were three cases of shear profiles that were observed in decreasing order as follows:
1. A profile containing one maximum found in one grain.
2. A profile containing two local maxima with one found in each grain.
3. A profile containing one maximum at the grain boundary
Figure 3-12 gives an illustration of the three types of profiles with an example profile of
the second case. As the maxima of these shear profiles correlate with locations of dislocation
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Figure 3-12. Shear profile of a slip band transmitted through a grain
boundary with the local minimum correlating with the GB (left).
Diagrams of primary dislocation generation in one grain (top right), both
grains (middle right), and at the GB (bottom right). The vertical line
indicates the GB.
generation, this finding indicates where along the slip band the major dislocation sources lie.
Case one suggests that there are instances in which the dislocations are generated in one grain
and are transmitted through the grain boundary to the other grain. Case two suggests that there
are instances in which dislocation generation is happening in both grains. While case three
suggests that there are instances in which the dislocations are primarily generated at the grain
boundary. Each one of these dislocation generation points would then correspond with primary
Frank-Read dislocation sources for the slip band under the superdislocation model.
We now look at quantitative GB character and its notable influence on slip band
transmission. The relationship between transmitting events and GB misorientation is represented
in Figure 3-13. Almost all bands with a low GB misorientation of below 20 degrees transmitted.
This fraction of transmitting bands drops off steeply for the 20 to 30 degree GB misorientation
set of bands and slowly increases as the GB misorientation increases toward that of a twin
boundary where about 40% of the bands show transmission.
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Figure 3-13. Fraction of transmitting slip bands divided by GB
misorientation bins. Low misorientation relates to a high level of
transmission.
Transmission events are also noticeabley influenced by m’ at high misorientation angles
and twin boundaries. Figure 3-14 shows the relationship between the average m’ value in
discretized GB misorientation bins for transmitting and non-transmitting events. While there
seems to be no distinguishable difference between the transmission and nontransmission events
from 0 to 50 degrees, the m’ factor does influence transmission in higher misorientation levels of
above 50 degrees. It would be expected that the average m’ transmissivity factor for low
misorientation angles would be close to the same value for both transmission and non
transmission events because the range of possible m’ transmissivity factor values decreases as
GB misorentation angle decreases as was noted in Figure 3-10.
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Figure 3-14. Average m' factor for bands that transmit and do
not transmit divided into GB misorientation bins. Higher
misorientations show a real but small difference in m' factor.
The distribution of m’ factors for transmission events at twin grain boundaries was then
investigated. As was mentioned earlier, m’ factor values at twin grain boundaries assumed one of
roughly three values which were .65, .78, and 1 (Figure 3-10). Respectively there were 104, 58,
and 50 bands that had each of the three values. Figure 3-15 demonstrates the fraction of
transmission and non transmission events for each of these three m’ factor values. As can be
seen, the peak for transmission events lies at m’ factors of roughly 0.78. Overall trends show that
transmission increases with m’. However, these data suggest that at twin boundaries, GBs with
an m’ factor of 1 have a surprisingly lower fraction transmitted than those with m’ of 0.78. This
could potentially be caused by elastic anisotropy and twin shape with parent grains causing
unique impingements of slip which are different from that which is seen on other GB’s.
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Figure 3-15. Fraction of bands that transmit at twin GB's divided
into the three distinct m' factors found at twin GB's.
3.4

Conclusion
A surface applied gold speckled pattern enabled high-resolution strain data to be captured

(~117 nm per pixel) of the nickel-based super alloy. This allowed for the shear strain profiles
along slip bands to be evaluated. It was noted that the shear strain profile along an ‘average’
band involved an increase in strain with distance from GB for approximately 1/3 of the grain
cross section, followed by a fairly flat region of relatively constant strain, with the strain
dropping once again towards the opposite GB for the final 1/3. The location of peak strain in the
central 1/3 of the cross section indicates that nucleation of most dislocations occurs towards the
center 1/3 of grains.
Based upon the observed strain gradients near GBs, GND spacing follows a similar
profile to a single-ended pileup under applied stress, as analyzed by Eshelby and others.
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The orientation gradient along a slip band dislocation pileup shows rotation about the line
direction as identified by the RDR method. This is a new potential method to identify the active
slip system using EBSD scanning alone that can be utilized in tandem with existing slip system
identification methods. The direction of the rotation can be indicative of the dislocation sign
observed at the surface. This follows characteristics of Frank-Read dislocation sources
generating concetric dislocation loops that propagate outwards to either leave the sample surface
or become pinned in a dislocation pileup.
The distribution of pileup stresses at GBs, calculated by integrating elastic stresses
between GNDs, follows a log-normal distribution that appears to be independent of GB
character; i.e. the same stress distribution is present for GBs of all values of misorientation
(greater than the minimum defined value of 10 degrees, and including twin GBs), and for all
values of the transmissivity factors studied. It appears that all GBs with misorientation above 10
degrees have adequate obstacle strength to resist the pileup stress that the slip bands generate; i.e.
the stress associated with the GNDs that form to ensure compatibility is lower than the obstacle
strength of all GBs with misorientation greater than 10 degrees.
The pileup stress at the end of a slip band does correlate weakly with the maximum shear
stress within a given grain; however, this maximum shear strain does not correlate with the
Schmid factor of the grain (an observation that has been made by others).
Transmission is influenced by misorientation with transmission happening the most at
low levels of misorientation. Additionally, at twin and high misorientation GBs transmission is
also influenced by the m’ transmissivity factor. At twin GBs, the m’ value shows maximum
transmission when m’ equals about 0.78. Transmission shear profiles show evidence of
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dislocation generation in both grains, the grain boundary, as well as generation in one grain with
transmission to the other.
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4

CONCLUSION

Understanding of dislocation behavior is fundamental to fully understanding mesoscale
crystal plasticity methods. This understanding can lead to improved modeling and development
of stronger and more specialized materials. Characterization of this behavior was done in this
thesis.
Chapter 2 discussed and compared methods used to identify activated slip systeems in
strained materials. These include methods such as slip trace analysis and schmid factors as well
as more advanced methods such as the RDR method electron chaneling parameters method and
lattice rotation methods that involve DIC, ECCI, and EBSD data collection. This led to better
understanding of how these methods work in conjunction with one another as well as built upon
existing confidence in the accuracy of these methods.
This study found that the various methods used to identify the active slip system along
slip traces were consistent in identifying the same activated system further validating each
method. The method using the ECCI data was able to identify dislocations lying on slip planes
that do not develop distinct slip bands. AFM data augmented the DIC data by providing out of
plane displacement information and providing shear maps that were consistent with those of the
DIC data. Additionally, insight on residual dislocation distribution was found from short range
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strain gradients in the DIC and EBSD data and found to be consistent with the densities seen in
the ECCI scans.
Chapter 3 used some of these slip system identification methods to then characterize
large concentrations of dislocations in the volume of visible slip bands in nickel superalloy. This
led to insight on grain boundary obstical strength relative to transmissivity factors and found that
there seems to be no correlations between the two.
Information about transmission and transmissivity factors was also gathered along with
further understanding of dislocation generation locations within slip bands themselves. It was
found that transmitted bands generally showed a higher obsticle strength and that transmission at
twins showed a peak at an m’ value of 0.76 which is unlike other grain boundaries that show
peak transmission at an m’ value of 1. Peaks in the shear band profiles indicated locations of
dislocation nucleation and were found to be generally in the middle of the band with the
exception of transmitted bands. These type of slip bands showed nucleation in either one or both
grains, or nucleation at the grain boundary.
The results of the studies in this thesis can open the door for further research that can be
done on understanding the mesoscale mechanics of crystal plasticity. Increasing this widespread
understanding would pave the way for researchers to then study how to implement these
mechanics into models and material design processes to develop desired material characteristics.
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